Smart grids are considered as key solutions to solve current power security issues. Among these suggestions, microgrid is proposed to integrate distributed generations (DGs) such as photovoltaic (PV) system into the network and the control of DGs output power is getting more attention. The output power of PV arrays with nonlinear characteristics is affected by temperature, solar irradiation and load. Various maximum power point tracking (MPPT) methods for photovoltaic (PV) power systems have been considered and developed to maximize the delivered possible power. In this paper, a modelized photovoltaic source is introduced, based on the Thevenin equivalent circuit. An ordinarily employed solar system model is linearized into simple Thevenin source-resistance representation. Next, a control algorithm associated with the relationship between controller's PWM duty cycle of the MPPT boost converter and solar array output power, namely proposed MPPT algorithm, is introduced. This proposed method is compared with an existing popular MPPT algorithm to confirm its superior performance by using the MATLAB/SIMULINK ® simulation. The results show an improvement in the power generation from a PV array in any weather condition, and also help to reduce the impact of rapid change of solar irradiation on the output power variation within the time duration of change. Therefore, the proposed algorithm reduces the effect on grid frequency and motivate the PV generation penetration into the microgrids. Finally, a 50W DC-DC boost converter prototype is implemented and tested to verify the feasibility of the proposed control scheme.
INTRODUCTION
The use of solar energy is increasingly encouraged because of its outstanding advantages in comparison with the conventional fossil fuel resources such as gasoline, coal, etc. Solar energy is costless, eco-friendly and do not contribute to air pollution. Instead of depending on fossil fuels, which are becoming exhausted, the use of solar energy will guarantee a boundless supply of energy for the future generation (Ram et al., 2017; Yousri et al., 2018) . Photovoltaic systems are being used in a variety of applications which may be grouped into two categories: "stand-alone systems" (lighting, satellite communication, electric vehicles, etc.) (Leva and Zaninelli, 2006; Duong et al., 2018) and "utility interactive systems" (or grid-connected systems) (hybrid systems, power plants, etc.; Schaefer, 1990) .
In recent years, maximum power point tracking techniques (MPPT) have been being used extensively in photovoltaic generation systems in order to maximize the output power of the PV array varying with ambient conditions such as solar irradiation and temperature. The output voltage is mainly affected by temperature, while the output current is mainly affected by solar irradiation. The characteristic curves of the I PV -V PV and the P PV -V PV are different and nonlinear for different solar radiation and temperature (Patangia et al., 2010; Chatterjee and Keyhani, 2011; Turhan et al., 2013; Yousri et al., 2019) . For each ambient condition, there is a typical maximum power point which will change along with the variation of solar radiation and temperature. MPPT means that the PV panel will be set to operate at maximum output power point and transfer the whole PV power to the load.
A variety of MPPT methods were employed for tracking the maximum power point in the literature. For example, the Perturbation and Observation method (P&O) and the Incremental Conductance method (INC) are being used widely in MPPT controllers since their simplicity and easy in implementation (Hua and Shen, 1998; Hohm and Ropp, 2000; Wu et al., 2003; Femia et al., 2006; Esram and Chapman, 2007) . These MPPT methods use various techniques and algorithms which significantly differ in performance, such as convergence speed, implementation complexity, accuracy, and investment costs for the whole product.
P&O is one of the most widely used MPPT algorithms because of its simple structure and the few required parameters. However, the P&O algorithm has some drawbacks mentioned in Hussein et al. (1995) such as slow response rate, oscillation around the MPP in steady state, and even wrong tracking under quickchanged atmospheric conditions. This algorithm also poses a large ratio of output power fluctuation and the time duration of power change ( P/ t) due to the rapid increase of solar irradiation. This large ratio has negative effects on the stability of microgrid's frequency (Lam et al., 2016) . When microgrids operate in stand-alone mode with high penetration of PV power sources, the grid frequency could be easily unstable or it fluctuates beyond the limit (Delille et al., 2012) .
Another approach to develop MPPT controller is to propose a Thevenin equivalent model of PV arrays (Patangia et al., 2010; Chatterjee and Keyhani, 2011; Turhan et al., 2013) . In these studies, the error in Thevenin equivalent model of PV arrays can be negligible at the MPP, and this model can be used for analyzing the behavior of the PV arrays (Chatterjee and Keyhani, 2011) . Hence, several MPPT algorithms based on the Thevenin equivalent model were proposed as in Turhan et al. (2013) , Chatterjee and Keyhani (2011) and (Patangia et al., 2010) . In Chatterjee and Keyhani (2011) and Turhan et al. (2013) , the MPPT controller for the PV arrays is implemented by continuously measuring parameters of solar irradiation and temperature and then determining the duty cycle value at the MPP from these measured parameters. Meanwhile, in Patangia et al. (2010) , an analog MPPT controller is based on the Thevenin model in which the open circuit voltage of the PV panel is considered as the Thevenin voltage (V TH ). However, in these MPPT methods, the output responses of MPPT circuit during the change of ambient conditions have not been taken in to consideration.
Therefore, this paper aims to propose an algorithm that has been applied to a step-up boost MPPT based on the relationship between PV output power and MPPT controller duty cycle derived from the Thevenin's equivalent circuit of the PV source. The change of solar irradiation and ambient temperature, which is not mentioned in Turhan et al. (2013) , Chatterjee and Keyhani (2011), and Patangia et al. (2010) , will be considered.
The proposed MPPT algorithm by the authors can track the maximum power point in several weather condition, especially in the case of rapid change of solar irradiation, that help to improve the efficiency of PV system, which is a limitation of the P& O method. Furthermore, by applying the proposed MPPT algorithm, the ratio P/ t is much smaller than that when in the case where the P&O algorithm is employed when the solar irradiation change rapidly. Therefore, the proposed method helps to minimize the grid's frequency negative effects and enhance the PV source penetration into microgrids. Finally, this algorithm can also be used generally for other MPPT converter topologies such as buck, boost or buck-boost converters.
MATHEMATICAL MODEL STUDY

PV Array Characteristics
In term of analyzing PV's output power with respect to its output voltage for a specific PV panel under various solar irradiation or temperature conditions, there is a unique point where maximum power can be achieved, namely maximum power point (MPP) (Subudhi and Pradhan, 2013) . This MPP can also be identified by considering an I PV -V PV characteristic curve, as shown in Figure 1A . Regardless of the approaches, P PV -V PV or I PV -V PV , the tracking of gradient variation of I PV or V PV always shows the MPP from a PV panel.
A PV source including a non-linear current-voltage I PV -V PV characteristic as shown in Figure 1A can be modeled by a current source, single-diode and resistors connected in series and parallel shown in Figure 1B and output current can be calculated using Kirchhoff 's current law as in Equation (1) (Huang et al., 2018; Norouzzadeh et al., 2019; Yousri et al., 2019; Zhu et al., 2019) .
where V PV and I PV are the PV module output voltage and current, respectively; I ph and I rs are the photo-generated current and the dark saturation current of the diode, respectively; q is the elementary charge constant (1.602 × 10 −19 C); k is Boltzmann constant (1.38 × 10 −23 J/ o K), n is a dimensionless factor; T is operating temperature in Kelvin; R s and R sh are the series and parallel resistances, respectively. From Equation (1), it is essential to note that the output current of a PV panel connected to a load R is highly dependent on the current-voltage characteristic of this load. Moreover, Equation (1) shows that the operating point of the PV panel changes not only with the load, but also with solar irradiation and ambient temperature. Consequently, for each solar irradiation and temperature condition, it is necessary to track the corresponding MPP. Figure 1 illustrates the existence of the MPP on the P PV -V PV characteristic of PV source, with variable solar irradiation and temperature according to Equation (1).
Thevenin Equivalent Circuit
The non-linear characteristic of the diode is linearized by piecewise linearization approximation as shown in Figure 2A (Batushansky and Kuperman, 2010; Turhan et al., 2013) . The characteristic curve is divided into three different linear regions where the actual non-linear function is approximated to a straight line in each region. The PV model, where the diode is linearized, is shown in Figure 2B . The value of R D and V F will depend on the region of operation.
A Thevenin equivalent circuit may be derived in order to further simplify the PV model. Since the PV model in Figure 1B is non-linear, the Thevenin theorem cannot be applied in general. Nevertheless, every nonlinear system may be represented by a linearized model with variable parameters by using linearization. The equivalent PV model in Figure 2B with respect to the linearized diode characteristic in Figure 2A Thevenin equivalent voltage V TH and resistance R TH are not constant and depend on the solar irradiation and temperature, but at a particular ambient condition and load, the solar panel's current-voltage I-V characteristic may be represented by a linear voltage source for a single operating point (Batushansky and Kuperman, 2010) . When the irradiation or temperature or load changes, the linear characteristic of the PV array's Thevenin model also changes.
Thevenin voltage and resistance values can be calculated applying Equations (2) and (3), and the P PV -V PV and I PV -V PV characteristic curves of the Thevenin's equivalent circuit obtained from the single-diode model is virtually approximate the actual PV characteristics.
where V TH and R TH are the Thevenin voltage and Thevenin resistance respectively. From Chatterjee and Keyhani (2011) , the error between the actual and Thevenin characteristics of the PV panel is approximately equal to zero at the point of linearization that also includes the MPP. Therefore, if the PV panel is set to operate at the MPP, its Thevenin equivalent circuit also operates at this right MPP.
The MPPT Model
In order to install the PV system to operate at MPP according to the variation of solar irradiation and temperature, it is necessary to integrate a maximum power point tracking (MPPT) circuit between the PV module and load as shown in Figure 3 . The MPPT circuit consists of a controller circuit and a DC-DC converter which can be buck, boost, or buck-boost converter. In this study, the step-up boost converter has been selected. The boost DC-DC converter is driven by the MPPT controller that adjusts the parameters to transfer maximum power from the PV source, in whatever the load and ambient conditions (Rai et al., 2016) .
The task of the boost converter composed of the switch Q, the inductor L, the output diode D and the output capacitor C o is to convert the fluctuant input voltage to a higher output value. Ideally, since the power consumption of all these devices is very low, which is the reason for the high efficiency of DC-DC converters (Farahat et al., 2012; Allouache1 et al., 2018) . The metal oxide semiconductor field effect transistor (MOSFET) is considered as the switching device Q since it is easily controlled by using a pulse width modulation (PWM) signal generated by the controller. The operation of the boost converter is done by turning on off switch Q during every switching period. When the switch Q is turned on during the on-time T on = DT s of a period T s , the inductor L will store the energy. When Q is turned off, the polarity of inductor L reserves. The energy stored inside inductor L will be transferred to output capacitor C o via diode D, causing output voltage higher than input voltage. The operating principle is analyzed only in continuous conduction mode (CCM) because high gain of the proposed converter is achieved in CCM (Zhang , 2013) . So the proposed converter is analyzed in CCM mode. The detailed analysis is as follow (Choi et al., 2001) .
Since the boost converter operate under CCM mode, the mathematical equation illustrating the relationship between the output and input voltage of the step-up Boost converter in steady-state mode is as following Equation (4).
where V PV and V o are the input voltage and output voltage of the MPPT boost converter respectively; D is the duty cycle of the PWM signal. The Thevenin equivalent circuit of PV source connected with the MPPT boost converter is shown as in Figure 4A .
The output current of the PV source:
where R eq is the equivalent resistance of the MPPT boost converter received from its input terminal. Assuming that the boost converter devices are optimal, this means the converter efficiency is 1. Hence,
Substitute Equation (5) into Equation (6), R eq is achieved as:
The maximum power point tracking is achieved if the maximum power transfer theorem is satisfied. This happens when the input impedance of the MPPT boost converter R eq is equal to the Thevenin source impedance R TH . The power delivered by PV source can be easily determined from Figure 4B and described as follow:
The Figure 5 shows the association of PV output power and duty cycle (P PV − D curve) in the PV system with boost converter as power conditioner. As the Thevenin impedance R TH of the solar cell and the load resistance R eq cannot be controlled, the equivalent input impedance of the MPPT circuit will be adjusted to obtain the maximum power transfer theorem. This activity will be carried out by changing the duty cycle D of the converter's controller in the MPPT control algorithm.
Proposed MPPT Algorithm
From Figure 5 which describes the variation of PV power P PV following the change of duty cycle D of the MPPT boost converter, an MPPT control algorithm based on duty cycle perturbation is proposed for rapid responding with the ambient condition's variation on the PV array. In this proposed method, the duty cycle is varied according to perturbation power and operating point oscillating around the MPP and can be expressed as follows: The tracking process is outset with an initial duty cycle. Although the duty cycle D is a continuous variable from zero to unity, the initial duty cycle will be chosen in an interval [D min , D max ] where D min > 0 and D intial could be on the left or right side of the maximum power point. However, to prevent high peak current, D initial should be chosen on the left side of the maximum power point. In the first step, the PV After processing the previous and the current information of these parameters, the controller decides whether to increase or decrease the duty cycle D depending on the location of the operating point. As can be seen from Figure 5 , in case the MPPT controller is at the operating point A, which is in the left side of the MPP, the differences of power ( P PV ) and duty cycle ( D) are same sign, it means that P PV D > 0, the next period duty cycle D[n + 1] will be upgraded by adding a value of D step , D[n + 1] = D[n] + D step . By that way, the operating point will move toward the MPP from the left side as in Figure 5 . On the contrary, if the MPPT controller is at the operating point B, which is in the right side of the MPP, P PV and D are opposite sign, that means P PV D < 0, a reduction in the next duty cycle is taken by subtracting a value of D step , D[n + 1] = D[n] − D step . This tracking process reiterates itself until the peak power point is reached. The flowchart of the proposed MPPT algorithm is illustrated in Figure 6 . Obviously, in this algorithm, the duty cycle D is directly used as the control parameter and only one control cycle is needed so that the complexity of controller is significantly decreased.
EXTRACTION OF THE MPP USING P&O AND PROPOSED ALGORITHM
The P&O (Perturb and Observe) approach has been the most widely used and briefly illustrated as in Figure S5 in Supplementary Material (Wu et al., 2003) . This method operation is based on the detection of the operating point on the I-V characteristics of the PV array and comparing it with the previous iteration. The controller calculates the PV's output power P[n] = V[n] × I[n] at the moment n and compares the P[n], V[n] values with the previous ones P[n − 1], V[n − 1] at time n−1, and do the action of tracking the MPP by adjusting the duty cycle D of the DC-DC boost converter. If the perturbation of voltage and power have an opposite sign, the next duty cycle D perturbation will be positive and vice versa. In this paper, the MPPT performance of the conventional P&O method is compared with the proposed algorithm.
SIMULATION RESULTS
This session presents how the MPPT algorithms are implemented and evaluated by using MATLAB/SIMULINK R . The effectiveness and advantage of the proposed MPPT algorithm is verified by the way of simulation results.
The simulation provides the valuable opportunity to evaluate various MPPT techniques presented previously and analyze their behavior under the exact same operating conditions. The main focus will be on the fast determination for MPP.
The simulation shows a comparison of the output powers in the PV system in which two different MPPT algorithms are employed, namely P&O and proposed MPPT algorithm.
The PV system is configured to 100kW output with 64.2 V open-circuit voltage and consists of 66 strings of 5 series connected 305.2 W modules connected in parallel (66 × 5 × 305.2W = 100.7kW). The detailed simulation conditions and configuration are summarized in Table 1 . The solar irradiation is programmed to change rapidly or gradually. One case is that the rapidly changing of solar irradiation will be represented as shown in Figure 7A . This kind of rapidly changing of irradiation could be caused by established, rapid moving cloud cover. Another case is designed to verify tracking performance with gradually changing of solar irradiation, which is illustrated by waveform shown in Figure 7B .
Simulation Results for Fixed Temperature and Rapid Change of Solar Irradiation
In this case, the performance of the P&O algorithm and proposed algorithm is compared at fixed temperature values (25 o C or 50 o C). The rapid changes of solar irradiation are considered in three different conditions. As illustrated in Figure 7A , in the beginning, the solar irradiation increases dramatically in a sequence of 0.5 s ramp functions during 5 s from 200W/m 2 at t = 2 s to 1, 000W/m 2 at t = 7 s with the size of each ramp step is 200W/m 2 . Next, the higher slope ramp function for the solar irradiation rapid increase is introduced from 200W/m 2 at t = 9.5 s up to 1, 000W/m 2 at t = 10 s. In the last condition, the PV system experiences a rapid fall of solar irradiation in a half of second from 1, 000W/m 2 at t = 8 s down to 200 W/m 2 at t = 8.5 s.
From Figure 8 , in term of the PV system output power, the simulation results are basically consistent with the output characteristics of PV panel and they are proportional with the solar irradiation. As can be seen from the results, in the same conditions, during the period of constant temperature (at 25 o C and/or 50 o C) and stable or rapidly declined solar irradiation, the performances of the MPPT systems using two different algorithms are approximately the same when the MPP can be tracked with both algorithms. However, in the case of the PV system experiences a rapid increase of solar irradiation, while the proposed MPPT tracker is able to response and track excellently to the MPP, the P&O algorithm is exhibiting a very poor dynamic tracking performance for the considered solar irradiation change until it remains stable.
Simulation Results for Temperature Change and Rapid Change of Solar Irradiation
In this case, the rapid change of solar irradiation in section 4.1 still be considered. In reality, PV cell's temperature changes extremely slowly. Therefore, gradual changes of temperature are introduced in two different conditions. In the first condition, the temperature increases gradually in a period of 9.5 s, from 25 o C at t = 1 s to 40 o C at t = 10.5 s as shown in Figure 9A . The simulation result in this case is shown in Figure 9B . Another condition is that the temperature decreases gradually from 50 o C at t = 1 s to 25 o C at t = 10.5 s, shown in Figures 9C,D presents the simulation result for this condition .  From Figures 9B,D , it is obvious that at fixed or rapidly decreased solar irradiation conditions while the temperature is slowly changing, the simulation results for both P&O and proposed algorithms are closely the same and demonstrate good performances when the MPPT controller can follow the Propose a MPPT Algorithm irradiation very fast. Nevertheless, when the solar irradiation is increasing rapidly, the proposed algorithm shows much better performance and achieves MPP extremely faster than the P&O algorithm. The proposed algorithm responds to solar irradiation change instantaneously and PV output power is always proportional with the solar irradiation. In the meantime, P&O algorithm is confused by sudden change of solar irradiation and give wrong control signals.
The simulation results in sections 4.1 and 4.2 show that when P&O algorithm is applied, the rapid increase of solar irradiation will lead to a large ratio of output power fluctuation and the time duration in which the power variation happens ( P/ t), compared with significantly smaller one in proposed algorithm, as can be seen in Figure 10 . This is also an advantage of proposed method based on Thevenin approach that is not considered in previous studies.
Simulation Results for Fixed Temperature and Slow Change of Solar Irradiation
In this case, the solar irradiation increases gradually from 200W/m 2 to 1, 000W/m 2 and vice versa in two 8 s periods, while keeping temperature constant at 25 o C or 50 o C. As illustrated in Figure 7B , the solar irradiation increases from 200W/m 2 at t = 1 s up to 1, 000W/m 2 at t = 9 s and changes in the opposite direction between t = 11 s and t = 19 s.
The results are showed in Figure 11 . In this case, we see that both controllers show almost similar good performance.
Overall, the average power and energy harvested from the PV system employing P&O and proposed algorithm is shown in Table 2 . It is shown that the PV system using proposed method collects much larger energy than that when P&O method is applied.
EXPERIMENTAL RESULTS
In order to verify the MPP tracking speed and tracking accuracy of the proposed algorithm, a hardware evaluation prototype was installed. The PV system is configured to 44 W output with two PV panels SV-22W connected in parallel. A 50W DC-DC boost converter used as the interface to maximized the output power of the PV array is implemented to verify the feasibility of the proposed control algorithms. The specifications of the boost converter are listed in Table 3 . The processor that is used in this study is STM32103C8T6. The operating point of the PV array's P PV − V PV curve was controlled by adjusting the duty cycle of the PWM signal. Meanwhile, the output voltage V PV and output current I PV of the PV array were measured with the measurement circuits. Figure 12 shows the experimental results of the two identical MPPT boost converters operating under the same ambient conditions. These figures compares the PV output power with respect to two MPPT algorithms, P&O algorithm and proposed one. The experiment was implemented within a period of 3,600 s. At the time of the experiment, the temperature of the PV panels is about 51.6 o C. The square waveform of solar radiation is created by artificial method using covers on solar panels. Solar irradiation was decreased rapidly by covering the PV panels with a cover plate in a very short time, and it was increased dramatically by uncovering the PV panels again. Overall, in case of the rapid changes of solar irradiation, the results from experiment provide an outstanding performance of proposed algorithm compared to P&O when the output power of a PV panel using proposed algorithm is much more than those using P&O. Whereas, with the stable or slow change solar irradiation, there is approximately equivalent performance between both of algorithms. Hence, the experimental results verified the simulated one mentioned above.
CONCLUSION
In this paper, an algorithm for maximum power point tracking controller in solar energy source system is introduced by deriving the Thevenin equivalent model of the PV panel and the boost converter operating under CCM mode is selected as the circuit configuration of the MPPT. Maximum power point tracking model has been developed in a simulation setup using MATLAB/SIMULINK R . The conventional MPPT P&O algorithm is considered and compared with this proposed one, and their simulation results are shown. With the same switching frequency, sampling frequency and duty cycle step, the convergence speeds of conventional MPPT algorithms as well as proposed algorithms are the same as the PV panels operate at identical ambient condition. However, when the ambient conditions change, different MPPT algorithms will show different convergence speeds to the MPP in spite of identical operating parameters. In all considered simulation conditions, the MPPT controller's operation primarily dependent on solar irradiation, while the effect of temperature is negligible in the case of fixed or slowly change temperature. The proposed algorithm can track the MPP in all considered cases.
In order to perform proposed control algorithms, the 32bit microcontroller STM32F103C8T6 from STMicroelectronics is employed. A practical 50W DC-DC Boost converter prototype is implemented to demonstrate the improvement of tracking power. Experimental results show that the PV output power is significantly improved.
The proposed algorithm improves dynamic performance as well as the efficiency of the photovoltaic system, especially in the microgrids operating in stand-alone mode. It is wellknown that microgrid has high capability for renewable energies integration such as wind and solar energies. When the microgrids is operated in stand-alone mode, the large power fluctuation P within a short time duration has negative impacts on the microgrids frequency stability. By applying the proposed MPPT algorithm, when the solar irradiation change rapidly, the ratio of power variation and the duration of power change ( P/ t) is much smaller than that when the P&O algorithm is employed. Therefore, the proposed methods help to minimize the grid frequency effects and enhance the solar energy penetration into the microgrids. As a result, the proposed algorithm can be applied in practice instead of the conventional MPPT techniques for any ambient condition and the analysis in this paper should be useful for MPPT users, designers, and commercial PV manufacturers.
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